The increasing prevalence of antibiotic-resistant bacteria is a global threat to public health. Agricultural use of antibiotics is believed to contribute to the spread of antibiotic resistance, but the mechanisms by which many agricultural practices influence resistance remain obscure. Although manure from dairy farms is a common soil amendment in crop production, its impact on the soil microbiome and resistome is not known. To gain insight into this impact, we cultured bacteria from soil before and at 10 time points after application of manure from cows that had not received antibiotic treatment. Soil treated with manure contained a higher abundance of β-lactam-resistant bacteria than soil treated with inorganic fertilizer. Functional metagenomics identified β-lactamresistance genes in treated and untreated soil, and indicated that the higher frequency of resistant bacteria in manure-amended soil was attributable to enrichment of resident soil bacteria that harbor β-lactamases. Quantitative PCR indicated that manure treatment enriched the bla CEP-04 gene, which is highly similar (96%) to a gene found previously in a Pseudomonas sp. Analysis of 16S rRNA genes indicated that the abundance of Pseudomonas spp. increased in manure-amended soil. Populations of other soil bacteria that commonly harbor β-lactamases, including Janthinobacterium sp. and Psychrobacter pulmonis, also increased in response to manure treatment. These results indicate that manure amendment induced a bloom of certain antibiotic-resistant bacteria in soil that was independent of antibiotic exposure of the cows from which the manure was derived. Our data illustrate the unintended consequences that can result from agricultural practices, and demonstrate the need for empirical analysis of the agroecosystem. dairy cow manure | β-lactam antibiotics A griculture affects human health through both the consumption and production of food for the human diet. Manure from pig and cattle farms is commonly used as a substitute for inorganic nitrogen and phosphorus fertilizers for agricultural crops worldwide, especially in organic farming practices (1-6). With the increasing consumer demand for organically produced food, the use of animal manure, which conforms to organic conventions, will likely increase in the future. According to the National Organic Program, raw manure may be used up to 90-120 d before harvest, depending on the crop, and composted manure may be applied at any time. There are no restrictions on the source of manure (1).
Animal manure is an important reservoir of antibioticresistant bacteria, antibiotic-resistance genes (collectively known as the "resistome"), and pathogens (2, (7) (8) (9) (10) (11) (12) . Although antibiotic use increases antibiotic-resistance genes and resistant bacteria in manure (13) (14) (15) (16) , antibiotic-resistant bacteria are also abundant in manure from animals with no history of antibiotic treatment, indicating the natural presence of bacteria intrinsically resistant to antibiotics in animal gastrointestinal tracts (2, 17, 18) .
There is increasing concern about the use of manure as an agricultural amendment because of its possible contribution to the pool of resistance genes to resident soil bacteria and pathogens (2, 19) . Antibiotic-resistance genes from the soil resistome can enter the food chain via contaminated crops or groundwater (5, 20) , and have potential consequences for human health if transferred to human pathogens. Studies assessing the impact of fertilization with pig manure on the soil resistome have shown that excessive application of manure from farms with intensive sulfonamide use can lead to an increase of antibioticresistance genes in soil (2, 3); however, most studies have found that such increases are transient when the manure is applied at recommended rates (2, 21, 22) . Cow manure from dairy farms, which use β-lactam antibiotics predominantly to prevent and treat diseases (23) , is commonly used in crop production, but its impact on the soil resistome has yet to be investigated.
Along with its impact on the soil resistome, the application of manure can affect the composition and functional properties of soil microbial communities, as has been demonstrated by community fingerprinting (21, 24) . Recent advances in DNA-based analysis, such as metagenomics and quantitative PCR (qPCR), offer greater precision in such studies, enabling identification of affected community members (25) and their resistance genes (4) .
In the present study, we assessed the impact of cow manure on the composition and resistance profiles of bacterial communities in soil. Our results show that manure from cows that had not been treated with antibiotics increased the populations of resident soil bacteria harboring genes for resistance to β-lactam antibiotics, whereas inorganic fertilizers did not. These results demonstrate the complexity, and at times nonintuitive consequences, of agricultural practices.
Significance
The increasing prevalence of antibiotic-resistant bacteria is one of the most serious threats to public health in the 21st century. One route by which resistance genes enter the food system is through amendment of soils with manure from antibiotictreated animals, which are considered a reservoir of such genes. Previous studies have associated application of pig manure with the dispersal of sulfonamide-resistance genes to soil bacteria. In this study, we found that dairy cow manure amendment enhanced the proliferation of resident antibioticresistant bacteria and genes encoding β-lactamases in soil even though the cows from which the manure was derived had not been treated with antibiotics. Our findings provide previously unidentified insight into the mechanism by which amendment with manure enriches antibiotic-resistant bacteria in soil. 
Results

Manure Fertilization Increases Total and β-Lactam-Resistant Culturable
Bacteria in Soil. We compared the effect of application of either cow manure or inorganic fertilizer [nitrogen, phosphorus, and potassium (NPK)] on the populations of total and β-lactamresistant culturable bacteria in soil. We cultured soil before fertilization and at 10 time points after application of manure or NPK. Culturing indicated that manure directly added 10 7 colonyforming units (CFU) per gram of soil, which approximately doubled the culturable bacteria in the soil. Soil populations of culturable bacteria remained significantly higher (P < 0.05) in samples treated with manure compared with those treated with inorganic fertilizer from the time of application until 94 d after treatment ( Fig. 1A) .
We focused on resistance to β-lactam antibiotics, such as cephalothin, because this class of drugs is commonly used to treat mastitis in dairy cows. The baseline level of culturable bacteria resistant to cephalothin was substantially higher in untreated soil than in manure (7.4% vs. 0.67%). Consequently, the culturable population of β-lactam-resistant bacteria from day 1 was not significantly different in manure-treated soils compared with NPK-treated soils ( Fig. 1B ). At later time points (days 12-94), significantly higher populations of resistant bacteria were isolated from manure-treated soil samples than from the NPKtreated soil samples, indicating that manure treatment of soil induced the growth of cephalothin-resistant bacteria originating from either the soil or the manure.
Identification of Genes Conferring β-Lactam Resistance. To determine the origin of the culturable antibiotic-resistant bacteria, we constructed five metagenomic fosmid libraries, including four libraries from cultured β-lactam-resistant bacteria isolated from soil after manure or NPK treatment and one library from the manure that had been used for fertilization (Table S1 ). We used samples obtained at 52 d after treatment, because this is when the greatest differences between treatments were detected. From our metagenomic libraries covering a total of 143 Gb of DNA, we identified seven unique clones conferring resistance to cephalothin (Table 1) . Two genes originated from the manure library and five originated from the cultured β-lactam-resistant bacterial community. All seven genes closely matched β-lactamase sequences in GenBank with high sequence identities (68-99%). β-lactamase genes (bla) are grouped into four Ambler classes based on their primary structure (26, 27) . Phylogenetic analyses assigned the seven unique β-lactamase sequences to three of the four Ambler classes (A, B, and C; Fig. S1 ), thereby demonstrating that the approach of applying functional metagenomics provides access to a broad range of β-lactamases from two very different environments.
Manure Treatment Induces a Bloom of Cephalothin-Resistant Culturable Soil Bacteria. We assessed the presence and abundance of the newly identified resistance genes in manure and in soil fertilized with manure or NPK over time. PCR with primers specific for each of the seven genes amplified five of them (bla CEP-01 , bla CEP-02 , bla CEP-03 , bla CEP-04 , and bla CEP-05 ) from DNA extracted from soil or manure. Primers directed toward two of the genes, bla CEP-06 and bla CEP-07 , yielded nonspecific products and were not analyzed further. End-point PCR and qPCR indicated that the β-lactamases that originated from manure (bla CEP-01 and bla CEP-03 ) were detected in soil only at early time points after manure treatment ( Fig. 2 A and B) . By 38 d after treatment, manure-derived resistance genes were no longer amplified from soil, and these genes were not detected in samples from the NPK-treated beds. Similarly, the genes found in soil bacteria (bla CEP-02 , bla CEP-04 , and bla CEP-05 ) were not amplified from manure. Two genes, bla CEP-02 and bla CEP-05 , were detected in both manure-and NPK-treated soils, but there was no effect of treatment on their relative abundance (Fig.  2C ). In contrast, bla CEP-04 , which was found in soil before treatment, was significantly enriched in manure-treated soil at all but one time point (day 38) through 94 d after treatment. The sequence of bla CEP-04 closely matched (96%) a β-lactamase from a Pseudomonas sp., a genus commonly found in soil ( Fig. 2C ). Taken together, these data demonstrate that the increased β-lactam resistance in manure-treated soil was related not to the persistence of resistant manure bacteria, but rather to an increase in abundance of soil resistance genes, particularly a gene closely related to a β-lactamase from a Pseudomonas sp.
Effects of Manure and NPK Treatments on Microbial Communities.
Culturing and qPCR suggested that the increase in cephalothinresistant bacteria after manure treatment was attributed to growth of a Pseudomonas sp. native to soil, prompting us to explore the effect of manure treatment on the composition of the soil bacterial community. Quality-filtered sequences of 117,657 16S rRNA genes amplified from metagenomic DNA from a total of 49 soil and manure samples were analyzed. This corresponded to an average of 2,401 sequences per sample, with an average read length of 477 bp. Sequence clustering yielded a total of 7,018 operational taxonomic units (OTUs), each containing sequences that shared at least 97% identity. Manure and NPK treatments resulted in distinct soil community structures ( Fig. 3 ; adonis: R 2 = 16%, P < 0.001). Manure-treated soil had less phylogenetic diversity than NPK-treated soil (P < 0.001, Welch's t test). Compared with manure treatment, NPK did not significantly (P = 0.08) affect the number of taxa in soil (species richness), although nine OTUs that affiliated with the Rhizobiales, Xanthomonadales, or Acidobacteria were significantly enriched by NPK treatment (Fig.  4A ). Bacterial communities in manure were distinct from those in both treated and untreated soil communities ( Fig. S2 ) and were excluded from β-diversity analyses. Bacterial communities in replicate samples from manure-treated soils formed temporally distinct clusters, whereas the communities in samples from NPKtreated soils clustered more randomly, with no obvious concordance with time of sampling ( Fig. 4 and Fig. S2 ). The time effect was significant (adonis: R 2 = 18%, P < 0.001), but by 130 d after treatment, the manure-treated communities were similar to NPKtreated communities (Fig. 3 ).
Manure Treatment Enriches Taxa That Commonly Carry Resistance to
β-Lactam Antibiotics. The addition of manure affected the soil community structure differently than the addition of NPK fertilizer. The abundance of 10 taxa that originated from soil increased in soil after manure treatment (Fig. 4A) . Conversely, the abundance of eight taxa present in manure but not in untreated soil were found in manure-treated soil and decreased over time, following a trajectory similar to that of manure-derived β-lactamases ( Fig. 4B ). Two soil OTUs that affiliated with the Pseudomonadaceae family (OTUs 726 and 1500), one of which affiliated with the genus Pseudomonas (OTU 726), and a group of OTUs affiliated with the Janthinobacterium genus (OTUs 8555 and 2161; Fig. 4 E and F) were highly enriched in manure-treated soils, but were present at low abundance in NPK-treated soils and were not found in manure ( Fig. 4 C and D) . This is especially interesting given that the metallo-β-lactamase-encoding gene bla CEP-07 identified in the functional metagenomic screen is highly similar (95%) to a gene from Janthinobacterium lividum. A third group of OTUs that were highly enriched by manure treatment but not detected in NPK-treated soils affiliated with Psychrobacter pulmonis (OTUs 9776, 4110, and 9413; Fig. 4G ). OTUs affiliated with Pseudomonas and Janthinobacterium genera were abundant at later dates (between days 38 and 66 after treatment), indicating that their dynamics differed from those of Psychrobacter in response to manure. The community analyses demonstrate that manure treatment had a greater effect than NPK on soil community richness and structure. We identified significant shifts of certain phylotypes and confirmed a higher abundance of Pseudomonas spp. at the total community level. Other β-lactamaseharboring bacteria (Janthinobacterium sp. and P. pulmonis) were also enriched in the manure-treated soils, likely explaining the altered antibiotic-resistance gene profile of manure-treated soils.
Discussion
The increasing prevalence of antibiotic-resistance genes among both clinically important pathogens and environmental bacteria is a global threat to human health in the 21st century. It is imperative to understand the sources and behaviors of resistance genes to enable the development of strategies to reduce their abundance and dissemination. Current knowledge does not provide a sufficiently detailed portrait of the evolution and movement of antibiotic-resistance genes to enable reliable predictions about their behavior or the design of precise strategies to manage them. Livestock operations that use antibiotics are closely associated with increases in antibiotic-resistant bacteria in animal caretakers (28, 29) , meat processors (30) , and others who live in the vicinity of livestock facilities (31) . Manure from antibiotic-treated animals provides a direct source of antibiotics and antibiotic-resistant bacteria, and thus application of manure to soil as a fertilizer frequently increases levels of antibiotic-resistant bacteria and their genes in the soil (2, 32) . These increases have been traced to introduction of manure containing resistance genes and resistant organisms (3), residual antibiotics that select for resistant bacteria already resident in the soil (32) , or a combination of these contributors.
Here we present evidence of an additional mechanism by which manure increases antibiotic-resistant bacteria. Manure from animals that had not been treated with antibiotics induced a bloom of Pseudomonas and Janthinobacterium spp. and increased the abundance of a gene encoding AmpC, a β-lactamase commonly found in these genera along with metallo-β-lactamases.
We identified two β-lactamases in manure that share significant similarity with β-lactamases from members of the Gramnegative anaerobic genera Selenomonas (99%) and Bacteroides The results of the alignment to the best BLASTX hits, their identity (%), and accession numbers in the nonredundant GenBank database are provided. MIC, minimal inhibitory concentration.
(68%). PCR and qPCR results revealed that neither the β-lactamase-encoding genes nor bacteria found in manure persisted in the soil over time. These results suggest that the antibioticresistant organisms and the genes responsible for their resistance were enriched from among resident soil bacteria, rather than introduced in the manure.
Our analysis identified five β-lactamases from cultured soil bacteria. Soil is a reservoir of divergent β-lactamases, irrespective of anthropogenic influences (33, 34) . Elevated abundance of a gene encoding an AmpC-family β-lactamase persisted for up to 130 d after manure treatment, as did elevated populations of Pseudomonas spp., which are common sources of β-lactamases in nosocomial infections (35, 36) . In addition, metallo-β-lactamases similar to those that we found in soil are a serious threat to human health. Metallo-β-lactamases hydrolyze a broad spectrum of target β-lactams, and there are no metallo-β-lactamase inhibitors approved for clinical use. Other highly abundant taxa in manuretreated soils were Psychrobacter spp., composing up to 10% of all sequences at day 12. Psychrobacter spp. are halotolerant and psychrotolerant and are abundant in ornithogenic soil in Antarctica (37) . They also have been found to harbor AmpC-β-lactamases (38) . Given that we conducted our sampling during winter, and that manure is typically very saline, our identification of a Psychrobacter sp. is not surprising.
A concern raised by our findings is the possibility that these resistance genes might spread from residents of farm soil to human pathogens. This is especially important given the use of manure fertilization in cropping systems. Genes encoding AmpC-type and metallo-β-lactamases are typically located on the chromosome (39, 40) , however, making the risk of transfer low. Furthermore, a recent study demonstrated that although novel antibiotic-resistance genes were commonly isolated from soil, with β-lactamases among the most abundant, mobility elements were rarely associated with these resistance genes (41) . The lack of mobile elements in the regions flanking the resistance genes that we found in soil reinforces previous work suggesting that despite their abundance and rapid response to selection pressure, many antibiotic-resistance genes from soil-dwelling bacteria may face barriers that prevent their spread to clinical settings.
Even in the absence of transferability, elevated abundance of antibiotic-resistant bacteria is a threat when the resistance Fig. 3 . Temporal changes in soil community structures before treatment and after treatment with manure or NPK. Bray-Curtis similarity coefficients were calculated from relative OTU abundances of bacterial soil communities across three biological replicates of soil before treatment, treated with manure or treated with inorganic fertilizer (NPK), and plotted on a nonmetric multidimensional scaling (NMDS) graph. The 2D stress was 0.12. Increasing symbol size indicates time since manure treatment. Treatment effects were significant in all adonis combinations (P < 0.001; soil and manuretreated communities, R 2 = 13%; soil before treatment and manure-treated communities, R 2 = 15%; soil before and NPK-treated communities, R 2 = 6%). determinants reside in organisms such as Pseudomonas and Janthinobacterium spp., which are opportunistic human pathogens (42, 43) . The enrichment of these antibiotic-resistant strains could increase the likelihood of their entry into the food chain on crops grown in manured soil. Pseudomonas spp. are of particular concern because they are used in agricultural settings as disease-suppressive and plant growth-promoting agents (44) , and are also responsible for nosocomial infections (45) . In this regard, we queried the Pseudomonas genome database (46) to assess the presence and abundance of β-lactamase genes. Of the 49 fully sequenced Pseudomonas strains, 38 contain AmpC-type β-lactamases, including most of those used in agriculture (47) , and all but three strains contain at least one metallo-β-lactamase. Moreover, a recent study reported an increase in the abundance of Pseudomonas spp. in response to soil amendment with pig manure (48) , suggesting that Pseudomonas spp. may be particularly responsive to manure amendment and important environmental reservoirs of β-lactam antibiotic-resistance genes. A focus of future research will be on identifying the component of manure that leads to the proliferation of bacteria that carry β-lactamases. The nutrients in manure may favor the growth of Pseudomonas and Janthinobacterium spp., which are fast-growing and well adapted to many environmental stresses (44, 49) . If nutrients are the key driver, then there may be a similar enhancement of antibiotic-resistant bacteria around plant roots, which secrete vast amounts of carbon into the soil. In addition to nutrients, heavy metals, which are commonly used as additives in animal feed, are alternative candidates that might impose a selection pressure. Heavy metals have been shown to coselect for metal resistance and antibiotic resistance (50) (51) (52) . Interestingly, even low concentrations of metal in soils select for resistance to various antibiotic classes, including β-lactams (53), owing to shared genetic or physiological mechanisms of resistance to antibiotics and metals (50) . Another future direction is to determine whether other types of antibiotic-resistance genes respond similarly to manure treatment and whether manures from other animals enrich the same genera. If the mechanism depends on the fact that genera such as Pseudomonas are highly adaptable and resistant to stress, then we would expect a similar response to other manure types and cows fed a different diet, which is consistent with previous work (48) .
Our study highlights the role of unexpected selection pressures that increase the abundance of resident soil bacteria that are resistant to antibiotics. This finding indicates the importance of understanding the behavior of antibiotic-resistance genes in the environment, including their response to agricultural practices and movement into the food supply. These observations invite further study of the abundance of antibiotic-resistant bacteria on vegetables, which are often raised in manure-fertilized soil and eaten raw, thereby providing a potential route for antibiotic-resistance genes to migrate from the environment to human ecosystems.
Materials and Methods
Field Experiment, Soil Fertilization, and Soil Sampling. The field experiment was conducted at the Yale Farm at West Campus (West Haven, CT). Three replicate vegetable beds with no previous history of manure application were used for each treatment. The soil consisted of loamy sand soil (79% sand, 16% silt, and 5% clay; pH 7.4) with an organic matter content of 87 g kg −1 and a total nitrogen content of 3.7 g kg −1 .
The manure used in this study was collected from the pens of dairy cows that had not been treated with antibiotics (University of Connecticut) and tested for nutrient (NPK) and heavy metal content (Table S2 ). The level of Zn detected in the manure was considerably higher than its maximum recommended limit in animal manure for land application (54) . The manure was incorporated into soil beds (depth, 15 cm) at a level of 20 kg per bed. Beds treated with NPK were amended with the same amount of each nutrient present in the manure. On each sampling day, 10 soil cores (1.5 cm in diameter and 12 cm deep) were collected at random and pooled. Bacteria were cultured from beds at 1 d before (day 0) manure or NPK treatment and then at 10 time points after treatment: days 1, 12, 19, 38, 52, 66, 80, 94, 108, and 130 . At day 4 after treatment, samples were collected for qPCR analyses, but not cultured (Fig. S3 ).
Culture-Based Isolation of Bacteria from Soil and Manure and Construction of Metagenomic Libraries. To quantify populations of culturable bacteria in soil and manure, samples from serial 10-fold dilutions in PBS were cultured on R2A agar plates (Remel) with and without cephalothin (50 mg/mL). CFU were counted after a 5-d incubation at 28°C. Cephalothin-resistant bacteria were scraped from the plates (10 −3 dilutions), pooled, and stored at −80°C. Frozen samples obtained at 52 d after manure or NPK application were used to build metagenomic libraries.
Fosmid libraries were constructed from two pools of cultured soil bacteria from each treatment and the manure sample. DNA for libraries was extracted using the Aurora technology (www.borealgenomics.com) and subjected to end-repair and ligation with the pCC2Fos vector (Epicentre), following the manufacturer's recommendations. Library storage and size estimation were performed according to previously published protocols (55) .
Identification of Clones Resistant to Cephalothin. The pooled clones from each metagenomic library were grown in 50 mL of LB supplemented with chloramphenicol (20 μg/mL) for 2 h at 37°C and 200 rpm. Cultures were plated on LB containing chloramphenicol (20 μg/mL) and cephalothin (50 μg/mL). Assessment of the diversity of resistant fosmid clones, minimum inhibitory concentration assays, and subcloning of genes conferring resistance to cephalothin were conducted according to previously published protocols (55) . Plasmid DNA from resistant subclones was purified using the Qiaprep Kit (Qiagen) and sequenced at the DNA Analysis Facility at Yale University (http:// dna-analysis.research.yale.edu). Geneious version 6.0.5 was used for protein sequence comparison, and phylogenetic analyses were conducted with CLUSTALW (56) .
DNA Extraction, qPCR, and End-Point PCR. DNA was extracted from soil and manure for qPCR and 16S rRNA gene sequencing with the ZR Fecal DNA MiniPrep Kit according to the manufacturer's recommendations and further purified using the nucleic Aurora acid purification instrument (Boreal Genomics). Amplification was done using 10 ng of DNA with iQ Supermix (Bio-Rad) in a total volume of 20 μL. Primers used for qPCR are listed in Table  S3 . Thermal cycling conditions for all but one primer pair (i.e., PrNU.K.017/ PrNU.K.018) were as follows: an initial denaturation step of 3 min at 95°C, 45 cycles of 15 s at 95°C, and 1 min at 60°C. For PrNU.K.017/PrNU.K.018, an annealing/extension temperature of 56°C was used. Specificity of primer pairs was verified by melting curve analysis. PCR efficiency was tested with serial dilutions of DNA samples, and all ranged between 89% and 103%. The relative abundance of antibiotic-resistance genes was calculated by dividing the respective bla gene abundance by 16S rRNA gene copy number. Endpoint PCR was performed using Hotstar Taq DNA Polymerase (Qiagen) according to the manufacturer's recommendations, and PCR products were separated on a 3% agarose gel.
Pyrosequencing and Sequence Analyses of 16S rRNA Genes. Multiplexed pyrosequencing (Roche 454 FLX with Titanium reagents) from the V1-V3 regions of bacterial 16S rRNA genes was used to assess changes in bacterial soil community structure before and after manure or NPK treatment. Aurorapurified DNA was amplified and sequenced using standard protocols at the Research and Testing Laboratories, Lubbock, TX (www.researchandtesting. com). Primers 28 forward and 519 reverse were chosen (57) . The default workflow in QIIME v1.7 was used for sequence processing, quality control, and OTU selection. Each sample was rarefied to 904 sequences. Alpha diversity was described for each sample using Faith's phylogenetic diversity (58) and the number of OTUs (defined at 97% sequence identity). Differences were assessed using Welch's t test. Permuted ANOVA was performed to test for differences in treatment and time using the "adonis" function in the R environment for statistical computing (59) with the "vegan" community ecology package (60) .
A heat map visualization of OTUs with relative abundances was performed with the heatmap.2 function of the "gplots" package. Only the OTUs that each composed more than 0.1 of the relative abundance across all samples were included (top 59 OTUs). A Mantel test with Pearson's correlation coefficient between the full and reduced datasets of Bray-Curtis matrices revealed that they were highly correlated (r = 0.91, P < 0.001). Additional information on is provided in SI Materials and Methods.
Sequences were deposited in MG-RAST, http://metagenomics.anl.gov (project ID 8945, "YaleFarmSoil"; metagenomes 4562248.3-4562264.3, 4562266.3-4562295.3, and 4570842.3; Table S4 ) and the GenBank database (accession nos. KM113767-KM113773) ( Table 1) .
